Introduction

Background
A remarkably increased use of axially loaded self-tapping screws and threaded rods, either as reinforcements or as fasteners in timber structures, has taken place in recent years. Threaded rods show in general high withdrawal capacity and stiffness, and thus they may be used to develop strong and stiff connections. In many practical cases, multiple axially loaded threaded rods are used. Studies (Blaß and Laskewitz 1999; Gehri 2009; Krenn and Schickhofer 2009; Mahlknecht et al. 2014; Mori et al. 2008) have shown that connections with multiple axially loaded screws or glued-in rods can be very efficient, as each rod can reach a capacity in the order of 80-100% of the capacity of the respective single rod case. These studies have mainly focused on cases where the screws/rods were placed parallel or perpendicular to the grain direction. The background given in this Section is focusing on solid timber and glued-laminated timber (abbr. glulam).
The effectiveness of connections with multiple axially loaded fasteners may be influenced by insufficient edge and end distances or spacings, as failure modes other than withdrawal or steel failure may be triggered and the full tensile capacity may not be reached. In order to take this into account, modern design codes and technical approvals set restrictions on the minimum edge and end distances as well as spacings. Typically, the minimum edge and end distances and spacings are provided as multiple of the outer thread diameter d. The minimum edge and end distances and spacings for screws according to EN1995 (abbr. EC5) 1 3 and thus sharing the same plane of the grain (for example screws 1-3-5 and 2-4-6) or in rows perpendicular to the plane of the grain and thus placed in different grain planes (for example screws 1-2, 3-4 and 5-6). For shortness, the former configuration is denoted as 'in-series' and the latter as 'in-parallel', see Fig. 1 .
Small spacings (a 1 , a 2 ) may lead to block/plug shear failures. Mahlknecht et al. (2014) have shown that block shear failure may occur even if the minimum requirements given in Table 1 are fulfilled. For screws inserted parallel to the grain, small edge distances may lead to splitting failure (Nakatani and Walford 2010) . Insertion of screws parallel to the grain without some sort of reinforcement against splitting should be avoided, because tensile stresses perpendicular to the grain may develop due to other reasons than withdrawal [for example moisture-induced stresses (Angst and Malo 2012) ]. In order to eliminate the risk of splitting, EC5 (CEN 2004) imposes the minimum edge and end distances of Table 1 and it does not allow for installation of screws in an angle to the grain direction <30°. According to DIN 1052 -12 (DIN 2008 , the insertion of screws in pre-drilled holes has a positive effect in comparison to self-tapping screws and thus the minimum requirements for edge distances and spacings are less strict. However, this positive effect of pre-drilling is not taken into account in EC5 (CEN 2004) .
According to EC5 (CEN 2004) , the withdrawal capacity of connections with multiple axially loaded screws (which comply with the requirements in Table 1 ) is determined by where n is the number of screws acting together in a connection. The background research for Eq.
(1) could not be located by the present authors. According to recent studies (Krenn and Schickhofer 2009; Mahlknecht et al. 2014) , the effective number of screws is equal to the actual number with respect to withdrawal capacity (i.e. n ef = n) for configurations where the requirements of Table 1 are fulfilled (and therefore Eq. (1) is conservative according to these studies). EC5 (CEN 2004) does not provide guidelines for the estimation of withdrawal stiffness of axially loaded self-tapping screws or threaded rods. In the case of single self-tapping screws with diameters up to 12-14 mm, most research effort has been devoted to the determination of the withdrawal strength and the influence of several parameters on the withdrawal strength. Fewer results are available for the withdrawal stiffness. Some simple expressions for the withdrawal stiffness can be found in several technical approvals, see for example Z-9.1-472 (DIBt 2011) or ETA-11/0190 (DIBt 2013). However, the expressions found in these technical approvals: (a) are different with respect to the effect of the diameter and the embedment length (possibly due to different experimental configurations), (b) they do not take into account the influence of the angle between the screw and the grain direction and (c) they cannot be extrapolated for threaded rods with greater dimeters . A proposal for the withdrawal stiffness of single axially loaded self-tapping screws based on a more systematic approach and a huge sample of experimental results can be found in Ringhofer et al. (2015) . In the case of multiple axially loaded self-tapping screws the existing results for the withdrawal stiffness are sparse. Krenn and Schickhofer (2009) , based on experimental results of axially loaded joints with inclined self-tapping screws and steel plates as outer members, have proposed the following effective number of screws for design in the serviceability limit state:
To the knowledge of the authors, there are no guidelines available for the withdrawal stiffness of single threaded rods with greater diameters in the present European technical approvals. Experimental results covering both withdrawal capacity and stiffness can be found in Nakatani and Komatsu (2004) for rods with varying embedment length embedded parallel to the grain and in Blaß and Krüger (2010) for rods with varying embedment length and diameter embedded with an angle of 45° and 90° to the grain
Another investigation on the withdrawal stiffness of single threaded rods with varying embedment lengths (l = 100, 300, 450, 600 mm) and rod-to-grain angles (α = 0°, 10°, 20°, 30°, 60° and 90°) by use of experimental, numerical and analytical methods has recently been presented by the present authors . The corresponding results with respect to the withdrawal capacity are given in Stamatopoulos and Malo (2015a, b) .
In the case of multiple axially loaded threaded rods, the available experimental results are very sparse. Mori et al. (2008) presented an experimental study on configurations with 1, 2 and 4 rods with varying spacing embedded parallel and perpendicular to the grain in glulam elements. According to this investigation, the full withdrawal capacity could be reached for spacing equal to 4 times the diameter, whereas 80-90% of the withdrawal capacity of a single rod was reached for specimens with spacing equal to 2 times the diameter. Similar results have been obtained by Gehri (2009) in an investigation into the influence of spacing on withdrawal strength of self-tapping screws with a diameter of 10 mm embedded parallel to the grain (in this case the threshold spacing to reach the full withdrawal capacity was 5 times the diameter). With respect to withdrawal stiffness, Mori et al. (2008) could not reach definite conclusions with respect to the withdrawal stiffness of multiple threaded rods.
Outline
For a pair of threaded rods installed 'in parallel' in a timber element, the minimum required width is equal to 13d if the requirements of Table 1 are fulfilled. In practice however it may be desirable to install the rods with smaller edge distances and spacings. In the present study, only configurations with a pair of threaded rods installed in 'parallel' were investigated. In this configuration, plug shear failure cannot occur because shear stresses are concentrated towards the plane of the grain and the rods are embedded in different planes. On the contrary, in 'series' configurations with long, axially loaded fasteners installed with small spacings are prone to plug shear failure because the fasteners share the same plane of the grain. The difference in the failure mode of the two configurations is illustrated in Fig. 2 . Figure 2a is taken from the present study and Fig. 2b is taken from a study on screws' withdrawal from laminated veneer lumber elements (Carradine et al. 2009 ).
For long rods inserted with an inclination to the grain direction, a splitting crack may form along the grain if the distance to the edge a 2.CG is small. However, failure due to this crack may be prevented because the crack is bridged by the rod itself and any additional reinforcement against splitting which may exist. In the present study, the withdrawal of pairs of screwed-in threaded rods installed in 'parallel' with edge distances and spacings which do not comply with the minimum requirements of EC5 (CEN 2004 ) is investigated. Experimental, analytical and numerical methods are used.
Materials and methods
Experimental
The experimental set-up used for the withdrawal tests is presented in Fig. 3 . The loading condition of the specimens was a 'remote' pull-push (i.e. the support was provided in the same plane surface as the entrance of the rods, but at a distance to the rods). The distance between the supports was s = 185 mm. A thin steel plate, as shown in Fig. 3d , was placed between the supports and the specimen in order to counteract tensile stresses due to bending, while allowing for local deformation on the surface of the specimen. The relative displacement between the rods and the supports was measured by two displacement transducers, attached to a steel apparatus clamped on the rods, as shown in Fig. 3f . The average of these two measurements was used for the displacement. To ensure equal deformation of the rods a very stiff coupling part was used, see Fig. 3g .
The specimens were cut from several glulam beams of Scandinavian class L40c which is a combined type of glulam corresponding to the European strength class GL30c (CEN 2013) . This type of glulam is fabricated with 45 mm thick lamellas, made of Norwegian spruce (Picea abies). Its mean and characteristic density are ρ m = 470 kg/m 3 and ρ k = 400 kg/m 3 , respectively. For increased homogeneity, all specimens were manufactured such that the rods were embedded in the inner, weaker lamellas of the beams. Moreover, specimens were cut in such a way that the rods were embedded in different laminations within the same specimen series. The width, b, of the glulam beams and consequently of all specimens was equal to 140 mm. SFS WB-T-20 (DIBt 2010) steel threaded rods were used. The outer-thread diameter, d, of the rods was 20 mm and the core diameter, d c , was 15 mm. Prior to screwing-in of rods, all specimens were pre-drilled with a diameter equal to the core diameter of the rods, i.e. 15 mm. All specimens were conditioned to standard temperature and relative humidity conditions (20 °C/65% R.H.), leading to approximately 12% moisture content in the wood. Specimens with two configurations with respect to the edge distances and spacings were tested as shown in Fig. 3e . In configuration A, the rods were installed with spacing a 2 = 2d and edge distance a 2.CG = 2.5d. In configuration B the rods were installed with spacing a 2 = 4d and edge distance a 2.CG = 1.5d. These specific values were chosen so that the minimum net distance between the rods (in configuration A) or the minimum net distance between the rod and the edge (in configuration B) were equal to the diameter of the rods. The embedment length of the rods in all specimens was l = 450 mm. Specimens with 4 different rod-to-grain angles were tested (α= 15°, 30°, 60°, 90°). Two tests were performed for each configuration and rod-to-grain angle resulting in a total number of 16 tests. The specimens are denoted Sα-configuration-no based on their rod-to-grain angle α, their configuration (A or B) and the serial number of the test. Testing was performed using the loading protocol given Table 2 .
Analytical
Analytical expressions for withdrawal capacity, stiffness and the stress and displacement distributions of single rods can be found in Stamatopoulos and Malo (2015b) and . This model is based on classical Volkersen theory (Volkersen 1938) applied to axially loaded fasteners (Jensen et al. 2001) . It is assumed that all shear deformation, δ(x), occurs in a shear zone of finite dimensions and it is related to the mean interfacial shear stress, τ(x), by a bi-linear constitutive τ(x)-δ(x) relationship. An example of a real non-linear behaviour is compared to the modelled bi-linear relationship in Fig. 4 . The bi-linear idealization separates the curve into two distinct domains; the linear elastic domain and the fracture The model can be extended to a group of multiple rods symmetrically installed 'in parallel' under the assumption that Γ e and Γ f , are the same for all rods. For the pull-push or the pull-shear loading condition, the withdrawal stiffness, K w , is equal to:
The effective number of rods for the serviceability limit state, n ef.ser , is used in order to take into account possible group effects and its value is discussed in Sect. 3.2.
The withdrawal capacity, P u.w , is given by Eq. (4):
where f w is the withdrawal strength and m = √ Γ f ∕Γ e is a parameter which expresses the brittleness of the shear zone.
Note that n ef has been used in Eq. (4) in order to take into account possible group effect on capacity of multiple rods, and its value is discussed in Sect. 3.1. The parameter ω n is defined as:
where β n is given by:
Here E s and E w·α are the moduli of elasticity of steel and wood (as a function of α), respectively. Τhe core cross-sectional area of the rod is A s = π·d c 2 /4 and A w is the area of wood subjected to axial stress. E w·α may be estimated by the Hankinson formula and A w by an effective area (Stamatopoulos and Malo 2016).
The effective length l ef and the parameters Γ e (in N/ mm 3 ), f w (in MPa) and m are given by Eqs. (7)-(10) Note that, in principle, the parameters Γ e and Γ f for withdrawal of multiple rods are different from the single rod case due to stresses' interaction. However, for rods installed 'in parallel' the difference is assumed to be small. 
Fig. 4 Real and idealized bi-linear τ(x)-δ(x) curve
For rods installed in small angles to the grain there is a high shear stress concentration in the vicinity of the interface (i.e. the magnitude of shear stresses is much higher near the interface). For rods installed with greater angles to the grain, the shear stress distributes mainly along the strong shear plane. Therefore, Eq. (8) is assumed to be a good approximation. Possible group effects may indirectly be taken into account by the use of n ef·ser in Eq. (3). Note that such an approach will provide the same estimation for a given angle, regardless of the configuration of rods with respect to edge distances and spacings. The parameter λ u is a dimensionless length parameter which expresses the percentage of the embedment length at failure in which fracture behaviour takes place and it can be determined by the diagram given in Fig. 5 .
Numerical
Finite element simulations were performed to estimate the withdrawal stiffness as well as the stress and displacement distributions in all specimens. Abaqus software (Abaqus analysis user's guide, Version 6.13 2013) was used for the finite element simulations. The finite element model assembly is visualized in Fig. 6a . It consists of a rectangular box-type timber part in surface contact with the embedded threaded rods. The threads and the core of the threaded rod were meshed independently in separate sub-parts, which were jointed using a tie constrain as shown in Fig. 6b . Similarly, the timber part was created by tying two independently meshed sub-parts; a sub-part with the respective female thread geometry of the rod and an exterior timber sub-part. These two parts were tied in the interface between the timber part and the outer thread surface of the rod; see detail shown in Fig. 6c . The timber part was more densely meshed in the vicinity of the interface with the threaded rod. The mesh size gradually increased with increasing distance from the interface. Three dimensional, 8-node, linear brick elements were used to mesh all parts. Each threaded rod was loaded by a unit vertical pull-out force, P = 1 kN. Lateral displacements of the rods at the loading point were restrained. Wood is an anisotropic material, which can be approximated as orthotropic with three distinct material orientations; the longitudinal (parallel to the grain), the radial and the tangential (with respect to the annular rings). The subscripts L, R and T are used to indicate these material directions. However, in these simulations wood was modelled as transversely isotropic (in Cartesian coordinates), assuming equal properties in the radial and the tangential directions. The material properties given in Table 3 were used for the simulations. Due to an incomplete set of material properties provided by the manufacturer, the lacking properties were taken from a study on mechanical properties of Norwegian spruce (Dahl 2009 ). The steel of the rods was modelled as isotropic with modulus of elasticity equal to E s = 210 GPa and Poisson's ratio equal to 0.30. Both steel and wood were modelled as linear-elastic. The contact interaction between the wood and the rod was modelled with hard contact normal to the surface and frictional behaviour tangentially. For the normal contact, the augmented Lagrange method was used as constraint enforcement method. The friction coefficient for the wood-steel surface was set equal to μ = 0.20. This decision was supported by the study of Koubek and Dedicova (2014) who investigated the friction coefficient of wood products (laminated veneer lumber and pine wood) as a function-among others-of the angle to the grain and contact pressure. This study showed that for normal moisture content and pressure parallel to the grain, the friction coefficient is approximately equal to 0.25 and 0.20 for low and high values of the contact pressure, respectively. For other angles, the friction coefficient was found to be smaller. Depending on the specimen the friction coefficient was in the range of 0.15-0.30 for low contact pressure and in the range of 0.12-0.22 for higher contact pressure. The numerical results for varying friction coefficient in these ranges are very similar and therefore a constant value of μ = 0.20 was assumed to be a reasonable input value for the Finite Element simulations.
Results and discussion
Withdrawal capacity
All specimens failed due to withdrawal of the rods. Typical failure modes for each specimen series are depicted in Fig. 7 . For specimens with α ≠ 90° a splitting crack formed along the grain, see photos (a)-(f) in Fig. 7 . However, this crack was bridged by the rods and did not appear to have a strong influence on the structural behaviour.
The experimental results for the withdrawal capacity are summarized in Table 4 . The withdrawal capacity for each specimen and the mean capacity for each configuration and angle are provided. Treating all experimental results for the withdrawal capacity as one sample, a coefficient of variation (abbr. CoV) equal to 5.3% is obtained. This value of CoV is quite similar to the case of single rods if small values of α-which are inherently variable-are excluded (for example by use of the experimental results of the reference single rods study (Stamatopoulos and Malo 2015b ) CoV = 8.8% For specimens with α = 60°, 90° the mean withdrawal capacity of specimens with the configuration A was greater by 0.9 and 0.4% respectively, compared to specimens with the configuration B. For specimens with α = 30°, the experimentally recorded mean withdrawal capacity was greater for configuration B by 4.5% compared to configuration A. One recording was lost for a specimen with α = 15° and rods installed in the configuration B, and thus a reasonable comparison between the configurations for α = 15° is not possible. As seen by the results in Table 4 , the withdrawal capacity is characterized by very small variability.
Characteristic values for the withdrawal capacity were also calculated by considering all results per angle as one sample, i.e. without distinguishing between different configurations. CoV was very small for all samples (7% for α = 15°, 3% for α = 30 and 60°, and 1% for α = 90°). The characteristic values were determined in accordance with EN 14358 (CEN 2006) and they are also provided in Table 4 . EN 14358 (CEN 2006) assumes that the test values are log-normally distributed. Despite the small size of each sample the calculated characteristic withdrawal capacities are assumed to be a reasonable approximation, due to the use of a minimum value of 0.05 for the standard deviation of the natural logarithms of test values, according to EN 14358 (CEN 2006) in cases where CoV is smaller than 5%.
The effective numbers of rods n ef (both for mean and characteristic values) are also given in Table 4 . They were determined by the use of results from the reference single rod experimental investigation of specimens with the same threaded rods and the same glulam strength class as in the present investigation (Stamatopoulos and Malo 2015a, b) . The individual and mean values of n ef are plotted as a function of α in Fig. 8 . Based on the obtained mean-level experimental results the following approximating expression was derived for n ef : The analytical estimations (also provided in Table 4 ) were made according to Eq. (4), using the effective number of rods provided by Eq. (11). The experimental results together with analytical estimation are plotted as a function of α in Fig. 9 . As shown in these figures they are in good agreement with the analytical estimations being slightly conservative.
Withdrawal stiffness
The experimental results for the withdrawal stiffness together with the analytical and the numerical estimations are summarized in Table 5 and plotted as a function of α in Fig. 10 . The specimens exhibited very high withdrawal stiffness especially for small angles. Note that only a small number of tests have been performed and hence the measured values for stiffness may not be representative in general. Analytical estimations were made according to Eq. (3) assuming two different effective numbers of rods; the actual number of rods (n ef·ser = 2) and the effective number of rods given by Eq. (2). In general, n ef·ser = 2 provided a better analytical estimation than Eq. (2). The agreement between experimental results and the analytical and numerical estimations is very good. According to the experimental results, the difference between the values for configurations A and B was relatively small (configuration B was stiffer by 7.1, 14.6 and 1.4% for α = 15°, 30° and 90° respectively while configuration A was stiffer by 5.3% for α = 60°). The distributions of stresses and displacements along the rod were quantified by the numerical simulations. These distributions were essentially the same as the distributions for the single rod case and therefore they are not presented in the present paper.
Conclusion
The withdrawal of pairs of axially loaded threaded rods screwed into glued-laminated timber elements was studied. The rods were installed in 'parallel', i.e. in a row perpendicular to the plane of the grain. Specimens with two configurations with respect to the edge distances and spacings were tested; one with small spacing between the rods (configuration A) and one with small edge distances (configuration B). The edge distances and spacings were smaller than the minimum values required by EC5 (CEN 2004) . The outer thread diameter and the embedment length of the threaded rods were d = 20 mm and l = 450 mm, respectively. Specimens with 4 different rod-to-grain angles were tested (α = 15°, 30°, 60°, 90°). Analytical and numerical estimations were compared to the experimental results. The following main conclusions are drawn:
• Interaction effects (group effect) of the rods were approximated by the use of an effective number of rods n ef . • The values of n ef , were evaluated on the basis of experimental results and a simple approximating expression for its determination was derived. Despite very small edge distances and spacings the mean values of n ef per configuration and angle were in the range 1.72-1.94.
• Based on the obtained experimental results, the difference between the results for configurations A and B was-in general-small. • The withdrawal capacity and stiffness can be estimated by an analytical model which is based on Volkersen model with an idealized bi-linear constitutive relationship.
• The withdrawal stiffness can be estimated with sufficient accuracy by finite element simulation. 
